INTRODUCTION
Multiple sclerosis is a chronic demyelinating disorder that most commonly presents in the second to fourth decade of life. Studies of migrants indicate that risk is strongly associated with place of residence in early life. 1 In Australia 2 and elsewhere, 3 4 there is a latitudinal gradient with increasing prevalence of multiple sclerosis, or incidence of first demyelinating event, as one moves away from the equator. This latitudinal gradient seems environmentally related because the risk associated with latitude alters if people move after birth. 4 5 A strong environmental candidate is the level of ambient regional ultraviolet radiation, acting either directly or through the generation of vitamin D. 6 Higher exposure to ultraviolet radiation, 7 higher vitamin D intake, 8 and also higher serum vitamin D concentrations 9 seem to be associated with a reduced risk of onset of multiple sclerosis. This evidence comes from both case-control and cohort studies and indicates that age of operation for such a protective effect might include both childhood and early adulthood. [6] [7] [8] [9] [10] [11] Exposure to ultraviolet radiation in early life has not yet been formally examined but might be linked to excess risk of multiple sclerosis at birth through seasonal deficiency in maternal vitamin D concentrations. 12 A study of half siblings with multiple sclerosis has also shown that risk can be maternally mediated. 13 Pregnancy is a vulnerable time for vitamin D deficiency because of increased physiological needs and reduced maternal outdoor activity.
14 Experimental data on animal fetal development indicate that cerebral white matter is responsive to vitamin D and that oligodendrocytes in the brain and spinal cord have vitamin D receptors. 15 16 Furthermore, maternal vitamin D depletion alters neurogenesis in the developing rat brain, with subsequent altered gene expression in adult life. 18 A recent genetic study in humans has further implicated vitamin D as a strong environmental candidate by showing direct functional interaction with the major locus that determines susceptibility to multiple sclero sis. 19 Although human evidence pertaining to fetal development has been difficult to obtain, the body of related evidence to date has led some to recommend antenatal supplementation with vitamin D to prevent multiple sclerosis. 14 As an indicator of possible perinatal environmental exposures, such as ultraviolet radiation, individual studies in the northern hemisphere have examined month of birth and risk of multiple sclerosis with varied results. [20] [21] [22] [23] [24] A large recent pooled analysis of births in the northern hemisphere, however, showed an excess of multiple sclerosis among people born in May and a relative deficit among those born in November; these results were stronger in familial cases and suggested interactions between genes and environment that are related to climate and that might act during gestation or shortly after birth. 12 We examined month of birth and risk of multiple sclerosis in Australia. We used the large regional and seasonal variation in ambient ultraviolet radiation across the continent to investigate the association between exposure to ambient ultraviolet radiation during pregnancy and risk of multiple sclerosis among the offspring.
METHODS

Case ascertainment
We obtained data on the number of patients with multiple sclerosis born in Australia for each birth month of every (birth) year, 1920-50, by sex and state of birth for Queensland, Western Australia, New South Wales (including Australian Capital Territory), South Australia, and Hobart (Tasmania) from prevalence surveys carried out in 1981. 2 25 26 In these surveys, cases were ascertained from hospital records, treating doctors, multiple sclerosis societies, records from the Department of Veterans' Affairs, and the Australian Bureau of Statistics. 2 In the Hobart region the State Chronic Care Hospital Register and Commonwealth Department of Health notifications were also used. 26 All patients were interviewed and examined for verification of multiple sclerosis, except in New South Wales, where only 57% of the patients were interviewed and examined because of the large number of patients notified. Almost all of the remaining patients had been examined previously by a neurologist. 2 All patients in whom the diagnosis of multiple sclerosis was considered to be correct were classified clinically according to the diagnostic criteria of Rose et al. 27 
Analysis dataset
We constructed a longitudinal dataset in frequency (or count) format, spanning every (birth) month of every year over the chosen study period, 1920-50, from the original unit record cross sectional 1981 survey data. The constructed dataset comprised numerator data taken directly from the surveyed cases of multiple sclerosis in 1981, 2 together with reference population denominators (n=2 468 779) derived from the 1981 Australian census (giving the number of people still alive and living in Australia in 1981 by year of birth and the proportion who were born in Australia) and supplementary data on 1920-50 births registered in Australia by month, year, and state provided by the Australian Bureau of Statistics. We adjusted denominators to account for the main sampling losses from surveyed to unsurveyed state regions between the time of birth and time of survey (1981) . A restricted dataset of those people with multiple sclerosis born in Australia between 1920 and 1950 (inclusive) was chosen to minimise problems arising from differential survival (for those born before 1920) or age of onset (for those born after 1950) from use of the whole year of birth range (1897-1969) in the original cross sectional dataset. The resulting dataset of adjusted rates of multiple sclerosis comprised numerator and denominator data by month and by year for 1524 people with multiple sclerosis born in any of the five surveyed states during this 1920-50 period.
We generated a variable for exposure to ambient ultraviolet radiation at birth from monthly averages of daily total ambient effective ultraviolet radiation for each region (table 1) .
Statistical analysis
Our main outcome measure was the number of people with multiple sclerosis born in each month relative to the general population, expressed as a cumulative incidence rate of multiple sclerosis.
We used negative binomial regression models to provide an estimate of the incidence rate for each month of birth, expressed as an incidence rate ratio 28 †1991 data. 28 ‡Seasonal variation as given by ratio of summer maximum to winter minimum ultraviolet radiation.
for each time period relative to a single reference period. Because of the small case numbers for the month of birth analysis, we collapsed months into two monthly periods (fig 1) . May-June was the reference period because the average ambient ultraviolet radiation was generally lowest then.
To examine the associations between levels of ambient ultraviolet radiation and multiple sclerosis, we modelled ambient ultraviolet radiation as a continuous variable against incidence of multiple sclerosis. Monthly averages were lagged a number of months so that they then expressed the ambient ultraviolet radiation pertaining to a particular length of time before birth for each individual and for each region of birth. Nine such (continuous) variables, representing one to nine months before the birth month of an individual, were generated and included in separate negative binomial regression models (see table 2), as previously done for the categorical variable for period of birth. We thus assessed different gestational periods, in terms of the associated month and region specific levels of ultraviolet radiation, in relation to risk of multiple sclerosis. P values assessing effect modification were derived from likelihood ratio tests of nested regression models with and without the relevant interaction term. Analyses were conducted with Stata 8.0.
RESULTS
There was a large variation in average total daily ambient ultraviolet radiation, from 1.6 minimum erythemal dose units/day in Hobart, Tasmania in July to 30.4 units/day in Perth, Western Australia in January. Overall, the seasonal variation in total daily ambient ultraviolet radiation increased with increasing latitude from Brisbane, Queensland at lowest south latitude to Hobart, Tasmania at highest latitude (table 1) .
For year of birth from 1920 to 1950, we identified 1524 cases in the prevalence study from a denominator population of 2 468 779. As expected from the previous Australian surveys, 2 the incidence rate of multiple sclerosis was higher among women than men (incidence rate ratio 2.28, 95% confidence interval 2.03 to 2.55). There was also a latitudinal gradient in cumulative incidence rate by region of birth.
Compared with the reference birth region, New South Wales/Australian Capital Territory, the risk was lower for those born in Queensland (0.59, 0.51 to 0.69) and higher for those born in Tasmania (2.70, 2.06 to 3.51). The capital cities of these northernmost and southernmost states are located at 27.5º south and 42.9º south, respectively (table 1) . Figure 1 shows the pattern of risk for multiple sclerosis for each two month period of birth, expressed as an incidence rate ratio for each period of birth relative to the reference incidence rate ratio (1.0) for May-June. The risk was 1.23-fold to 1.34-fold higher (P<0.05) for people born in all periods other than May-June; the highest magnitude of risk was for those born in the early summer months of November-December compared with the early winter months of May-June (1.34, 1.10 to 1.63; P<0.01). This pattern of month of birth persisted after adjustment for sex, age, and region of birth in Australia (1.32, 1.10 to 1.58; P<0.01, for November-December compared with May-June). We also examined whether the November-December to May-June risk ratio differed by region of birth; this ratio of around 1.3 was the same over the Queensland-Tasmania range, with no effect modification by region of birth (P=0.25).
We then examined the role of prenatal exposure to ambient ultraviolet radiation. We found no association between daily ambient ultraviolet radiation at the time of birth and subsequent risk of multiple sclerosis (table 2) . Similarly, lags of one to four months before birth (late second to third trimesters) were not informative. For lags of five to nine months (first to early second trimesters), however, there were inverse associations between prenatal ambient ultraviolet radiation levels and multiple sclerosis (unadjusted incidence rate ratio ranging from 0.74 (0.63 to 0.85) to 0.81 (0.70 to 0.94); P<0.01). Table 2 summarises these results and shows a strong inverse association for the first trimester (0.72, 0.62 to 0.84), P<0.001).
We examined the shape of the association between inversed first trimester exposure and risk of multiple sclerosis in greater detail by using six categories of ultraviolet radiation (in minimum erythemal dose units/day, see table 1) and comparing each of the five lowest levels with the highest (table 3). The association was non-linear with a particular increase in risk for levels below a monthly average of 20 minimum erythemal dose units/day (fig 2) . This "threshold" level is reached only in January in Hobart, Tasmania, but from November to February in Brisbane, Queensland. Table 3 also shows the increase in risk for women and people born at higher latitudes; the result for decade of birth, showing a deficit in more recently born affected people, probably reflects ascertainment because for some in this group onset of multiple sclerosis might not have occurred by the time of the 1981 survey. The association between first trimester ultraviolet radiation and multiple sclerosis persisted, however, after adjustment for region of birth and the other factors listed in table 3. 
RESEARCH
We examined the association between prenatal exposure to ultraviolet radiation and risk of multiple sclerosis related to month of birth. Figure 3 shows the inverse relation between first trimester ultraviolet radiation and risk related to months of birth. That is, when we lagged the ultraviolet radiation values by seven to eight months, there was overall similarity between the two curves, such that infants experiencing low levels of ultraviolet radiation in the first trimester are associated with a higher risk of multiple sclerosis by birth month.
After adjustment for ultraviolet radiation in the first trimester, we found no residual association between period of birth and risk of multiple sclerosis. That is, once we accounted for first trimester ultraviolet radiation (as in table 3) there was no improvement in model fit by also including variation in period of birth (likelihood ratio χ 2 (5 df) =3.79; P=0.58). In contrast, region of birth remained significantly associated with risk of multiple sclerosis even after adjustment for ultraviolet radiation in the first trimester (table 3) .
There was no effect modification of the association between ultraviolet radiation in the first trimester and multiple sclerosis by sex (P=0.71) or region of birth (P=0.80).
DISCUSSION
In the southern hemisphere there is a relative excess of multiple sclerosis in people born in NovemberDecember compared with the May-June reference minimum. This pattern is consistent with the pattern reported by Willer et al in their larger study in the northern hemisphere, 12 given that the seasons are reversed. Our results show a trough in multiple sclerosis in people born in May-June, when a protective effect is evident, compared with a peak in those born in November-December, thus mirroring the northern hemisphere pattern of a peak associated with May births and a deficit associated with November births. We found no interaction between this pattern and region of birth within Australia, nor with sex or decade of birth; this was also consistent with findings of Willer et al for region of ascertainment, sex, and decade of birth in Canada. 12 The higher risk of multiple sclerosis for people born in November-December is consistent with these infants having experienced lower levels of ultraviolet radiation during the first trimester. In fact, the pattern of month of birth in the southern hemisphere was accounted for by the month and region specific ambient ultraviolet radiation during the first trimester-that is, the effect of month of birth did not persist after adjustment for first trimester ultraviolet radiation. Lower average daily levels of ambient ultraviolet radiation during the first trimester predicted a higher subsequent risk of multiple sclerosis independently of month of birth. This association was non-linear, with a particular increase in risk under the (monthly average) level of 20 units of minimum erythemal dose of daily ambient ultraviolet radiation. We have thus shown an inverse association between low ultraviolet radiation in the first trimester and increased risk of multiple sclerosis in the offspring.
Strengths and weaknesses
In this longitudinal study we used a prospective exposure-prenatal ambient ultraviolet radiation-the levels of which were heterogeneously distributed among the study participants because of the large variation in ultraviolet radiation linked to month and region of birth across Australia. A further strength is the standardised case ascertainment of multiple sclerosis from the national study in 1981, 2 even though this study was smaller than the extensive northern hemisphere analysis by Willer et al 12 because of the much smaller population in Australia.
We could not examine the vitamin D status of the fetus directly but instead chose the ambient ultraviolet radiation level experienced by the mother during gestation. This proxy has some limitations in that it does not take into account individual personal behaviour, concurrent dietary vitamin D intake, or skin pigmentation. These omissions, however, would probably obscure rather than create the patterns observed. Recent work by Sayers et al also indicates that ambient erythemal ultraviolet radiation levels during pregnancy, even in a single location, can be used to indicate vitamin D status. 29 Further work could confirm the timing of the observed effect of prenatal ultraviolet radiation.
Other considerations Prenatal exposure to ambient ultraviolet radiation during the first trimester was probably not just a marker for postnatal exposure because the association had temporal specificity and was not evident for exposure at the time of birth. Furthermore, the association was independent of region of birth, a probable marker for postnatal sun exposure correlated with long term residence.
Here, and in the larger northern hemisphere analysis, 12 the pattern of month of birth was not smoothly sinusoidal but had a few months of particularly altered risk of multiple sclerosis. This would support an underlying seasonal factor that was not altering smoothly throughout the year but was more evident in particular months or was a threshold biological effect of a continuous variable. Consistent with this, when we examined different levels of prenatal exposure to ultraviolet radiation in the first trimester, we clearly observed that risk was specifically increased in the lower levels of exposure, below a monthly average of 20 minimum erythemal dose units a day. We could not, however, control for other factors such as nutrition or physical activity that could be associated with prenatal exposure to ultraviolet radiation in the first trimester and that could also determine risk of multiple sclerosis. In this setting, there is strong a priori evidence that sun exposure or vitamin D, or both, is likely to be the central exposure 6 and little a priori evidence for any other strong determinant of multiple sclerosis likely to be linked to maternal ambient ultraviolet radiation exposure during the first trimester.
Maternal exposure and health of offspring This report adds to other work showing that maternal exposure to ambient ultraviolet radiation during pregnancy might influence subsequent health in the offspring. [30] [31] [32] [33] In a New Zealand birth cohort, infants whose mothers were exposed to peak sunshine during the first trimester were significantly heavier at birth than infants whose mothers experienced trough levels of sunshine during the same trimester. 30 In the United Kingdom, maternal ambient ultraviolet B exposure in the third trimester has been positively related to bone mineral density and content at age 9 in offspring. 34 There is now growing interest in the role of maternal vitamin D deficiency in pregnancy and the development of central nervous system and immune disorders, particularly schizophrenia, 33 type 1 diabetes, and other disorders. 35 Although active vitamin D 3 concentrations in the mother increase substantially during pregnancy, early fetal supplies are lower 36 and directly dependent on the mother. By the time of delivery, maternal and infant cord serum 25-hydroxyvitamin D 3 concentrations are highly correlated. 37 Unfortunately, much remains unknown, leading to large international variations in maternal vitamin D monitoring and supplementation during pregnancy. 35 38 39 A maternal effect operating antenatally would also be consistent with the stronger maternal than paternal "parent of origin" effect in familial multiple sclero sis. 13 40 It has been previously proposed 14 that maternal vitamin D deficiency, a problem for some dark skinned women migrating to regions with low ambient ultra- violet radiation, such as the UK, might explain the increase in incidence of disease seen among second generation migrants in such locations. 41 Our findings are consistent with this explanation. Because season of birth has previously also been related to the clinical course of multiple sclerosis, [42] [43] [44] it is possible that early life exposures determine not only onset of disease but also resistance to the demyelinating process of multiple sclerosis. The mechanisms involved could include neurological or immunological factors. Ultraviolet radiation exposure during the first trimester would be expected to specifically influence vitamin D concentrations up to early in the second trimester, given that vitamin D has a half life of one to two months. 45 In recent Australian work, higher levels of ambient ultraviolet radiation were associated with higher vitamin D concentrations at the population level with a lag of one and a half months. 46 Possible mechanisms First trimester vitamin D concentrations might be particularly important in the development of the central nervous system because during early embryonic development, vitamin D receptors are expressed in the neuroepithelium and later in the subventricular zone. 15 Myelination occurs later; even in mid-gestation (19-24 weeks) cortical axonal tracts are not yet myelinated, 47 with major myelination of several areas occurring as late as 29-39 weeks. 48 In addition, the in utero development of immune central tolerance occurs in the first trimester and vitamin D has immunomodulating properties. The first trimester is also a sensitive period with regard to prenatal thymocyte differentiation, with animal studies showing that chemicals such as dioxin can alter this process, disrupt the development of central tolerance, and lead to increased autoreactive peripheral T cells. 49 Furthermore, indirect effects of vitamin D should be considered. For example, vitamin D can down-regulate interleukin 6, an important mediator of the adverse effect of maternal infection during pregnancy on neural development in the fetus.
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WHAT IS ALREADY KNOWN ON THIS TOPIC
In the northern hemisphere, there are more cases of multiple sclerosis in people born in May and fewer in those born in November Maternal exposure to ambient ultraviolet radiation in pregnancy can be used as an instrumental variable for vitamin D status during pregnancy Low vitamin D concentrations have been associated with a higher risk of multiple sclerosis
WHAT THIS STUDY ADDS
In Australia there is a reciprocal pattern of month of birth and risk of multiple sclerosis, with a higher risk for those born in November-December compared with May-June This pattern was accounted for by maternal exposure to ambient ultraviolet radiation in the first trimester Low maternal exposure to ultraviolet radiation in the first trimester was inversely related to risk of multiple sclerosis in the offspring after adjustment for either month of birth or place of birth
